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Wavefront shaping holds great potential for high-resolution imaging or light delivery either through or deep inside liv-
ing tissue. However, one of the biggest barriers that must be overcome to unleash the full potential of wavefront shaping
for practical biomedical applications is the fact that wavefront shaping, especially based on iterative feedback, requires
lengthy measurements to obtain useful correction of the output wavefront. As biological tissues are inherently dynamic,
the short decorrelation time sets a limit on the achievable wavefront shaping enhancement. Here we show that for wave-
front shaping in thin anisotropic scattering media such as biological tissues, we can optimize the wavefront shaping
quality by simply limiting the numerical aperture (NA) of the incident wavefront. Using the same number of controlled
modes, and therefore the same wavefront measurement time, we demonstrate that the wavefront shaped focus peak to
background ratio can be increased by a factor of 2.1 while the energy delivery throughput can be increased by a factor of
8.9 through 710µm thick brain tissue by just limiting the incident NA. ©2021Optical Society of America under the terms of
theOSAOpen Access Publishing Agreement
https://doi.org/10.1364/OPTICA.413174
1. INTRODUCTION
Optical imaging holds unique strengths for direct observation of
life and disease due to the high spatiotemporal resolution, molecu-
lar specificity, and safety of nonionizing radiation. For example,
optical histopathology is currently the gold standard for the diag-
nosis of disease based on its specificity and high contrast. However,
since biological tissues are highly scattering for visible wavelengths,
applications of optical imaging for clinical use are mostly limited
to histopathology slides, endoscopy, and ophthalmology where we
have access to either thin, superficial, or transparent layers of tissue.
Since the majority of our organs are located deep inside our body,
the limited penetration depth is a major barrier in unleashing the
full power of optical imaging for widespread clinical use.
As a part of the ongoing efforts to solve this problem, wavefront
shaping has shown great potential in recovering diffraction-limited
resolution even through multiple transport mean free paths in
turbid media, where all of the information about the incident light
is scrambled [1–6]. The concept is based on the fact that when
absorption is negligible, multiply scattered light that originated
from a point source can be sent back to its origin based on time
reversal symmetry of Maxwell’s equations [7]. If (1) we can gener-
ate a target feedback signal at the position of interest, (2) measure
the distorted emanating wavefront, and (3) play back the phase
conjugate of the measured wavefront, we can obtain a tight focus
at the target position either through or deep inside turbid media.
As this entire sequence of events is required for successful focusing,
advances in each step can bring new innovations, such as enabling
new ways to tag light noninvasively at deeper depths [8–15], realiz-
ing new wavefront sensing methods [16–25], and faster wavefront
shaping [26–31].
Of the various wavefront shaping methods, iterative feedback-
based wavefront shaping has currently found the most applications
due to its simplicity and robustness [4,32]. Iterative feedback-
based wavefront shaping can be realized by generating a target
feedback beacon that is localized in 3D space by utilizing coher-
ence gating [33,34], nonlinear excitation [35–37], acousto-optic
tagging [9,10], or photoacoustic signals [11]. Using the signal
intensity from the beacon as feedback, the wavefront of the inci-
dent light is iteratively modulated to maximize the feedback signal
which is equivalent to sensorless wavefront sensing. As most bio-
logical tissues are affected by movements due to breathing, blood
flow, as well as direct motion of the animal, the wavefront optimiz-
ing speed is vital for iterative feedback-based wavefront shaping to
be effective in a realistic environment [38–41].
Factors defining wavefront shaping efficiency can be under-
stood by looking at the relation between the incident and output
wavefronts though turbid media which is described by a trans-
mission matrix. For diffusive media, where the transmission
matrix elements are statistically independent and follow a circular
Gaussian distribution, the target focus intensity through turbid




(N − 1)+ 1, (1)
where η is the enhancement factor for the target focus and N is the
number of controlled modes. This model is valid for thick turbid
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media with thickness D> l∗, where l∗ is the transport mean free
path. To reconstruct a focus with sufficient quality for imaging or
light delivery applications, we can see that a large number of modes
have to be measured and controlled, which limits the iterative
wavefront shaping speed.
To overcome such limitations, here we demonstrate that for
highly anisotropic turbid media, the enhancement factor can be
further optimized by simply controlling the NA of the incident
wavefront. For anisotropic media with thickness smaller than a
transport mean free path, the angle of the output scattered light
is highly correlated with the incident angle. This is an important
characteristic that can be exploited for a wide range of biomedical
optics applications because scattering of biological tissues is also
strongly forward directed with an anisotropy factor g typically
above 0.9. Based on this property, we show that optimized wave-
front shaping through 710 µm thick brain tissue can be achieved
by simply limiting the NA of the incident wavefront. Due to the
efficient wavefront shaping, we achieve a significant increase in
signal-to-noise ratio (SNR) and contrast in imaging through thick
brain tissue slices. As the wavefront shaping quality is achieved
using the same number of controlled modes, or in other words the
same measurement time, our work provides a new perspective to
reducing the optimizing time for efficient wavefront shaping in
biological applications.
2. METHODS
A. Anisotropic Scattering Samples
To validate speckle characteristics for anisotropic scattering media,
we first performed experiments using custom-made highly forward
scattering phantom samples. We immersed 1 µm polystyrene
beads (refractive index 1.59) in 1.5% agarose (refractive index
1.33± 0.01) with various concentrations: 0.3%, 0.7%, 2%. We
measured the scattering mean free paths of the generated sam-
ples per concentration by measuring the amount of transmitted
ballistic light as a function of sample thickness (see Fig. S1 of
Supplement 1). Based on Mie theory [42], the anisotropy factor
of 1 µm polystyrene beads in water is 0.93 and the transport mean
free paths for the respective concentrations are expected to be
1028.6, 436.7, and 157.7 µm at our laser wavelength of 561 nm.
Experimentally, the transport mean free paths were found to be
712.1, 296.0, and 136.2 µm, slightly shorter than the theoretical
values. We believe that the slightly larger degree of turbidity is
mostly due to some remaining microbubbles that were not fully
removed during the sample preparation. All samples used for the
following experiments were made with the same physical thickness
of 120 µm according to approximately 0.17, 0.41, and 0.88l∗
(transport mean free paths) for the respective concentrations.
Using the phantom samples with different scattering lengths
but the same anisotropy factor, we first analyzed the differences in
output speckle intensity. We focused the incident light onto the
anisotropic scattering samples using an objective lens with 0.15
NA. To observe the generation of higher spatial frequencies upon
multiple scattering, we used a detection objective lens with a higher
NA of 0.5. The experiments were conducted under identical con-
ditions where the illumination and detection objective lenses were
aligned such that, without the scattering samples, a tight focus was
imaged on the camera.
After placing the scattering samples, the resulting output speck-
les were considerably different although the same converging
spherical wavefront was incident on the samples for all experi-
ments (Fig. 1). For the optically thick anisotropic scattering media
according to 0.88l∗, the speckle intensity was distributed evenly
and overfilled the camera field of view. For comparison, we also
measured the output speckle for the same conditions using a
diffusive sheet of white paper covered with three layers of non-
transparent tape (thickness > 20 scattering mean free paths and
in diffusive multiple scattering regime), which showed similar
distributions. In contrast, as the optical thickness of anisotropic
scattering media was reduced, the speckle intensity distribution
became more confined showing correlations with the size of the
original incident light [insets, Fig. 1(a)]. The correlations were
more evident when analyzing the spatial frequency components
of the speckles [Fig. 1(a)]. For the thicker anisotropic scattering
medium corresponding to 0.41∼0.88l∗, the spatial frequency
bandwidth of the speckles was diffraction limited corresponding
Fig. 1. Speckles generated through thin anisotropic scattering media are forward biased. (a) Log scale Fourier spectra of speckles measured through aniso-
tropic scattering samples according to different l∗. “Diffusive” is a multiple scattering sample (layer of paper covered with three layers of nontransparent
tape) for comparison. Yellow and red dotted circles correspond to the cutoff frequency of the incident and detection NAs, respectively. Insets show the mea-
sured speckles. (b) Normalized Fourier spectra radial distribution per sample. DC term has been omitted to remove baseline offset. Black dotted line: ideal
MTF for the detection NA. Gray dotted line: ideal MTF for the illumination NA. Gray shaded area: spatial frequencies contained in the incident wavefront.
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to the resolution limit of the detection NA. For thinner anisotropic
scattering medium corresponding to 0.17l∗, the speckles also
showed an expansion in contained spatial frequencies but did
not quite reach the full diffraction limit. More importantly, the
Fourier amplitudes of the speckle intensities showed an important
difference per sample turbidity. For the optically thick samples, the
speckle intensity spatial frequency amplitude distribution showed
a linear decrease with increasing spatial frequencies showing that
the spatial frequencies of the random plane wave optical fields
constituting the speckles have a nearly even amplitude distribution
for the entire range of spatial frequencies captured by the detection
NA. This is because for thick turbid media, the angular relation
between the incident and output light is totally scrambled and
the effective path length through the medium is irrespective of
the incident direction and only dependent on the sample thick-
ness. However, for optically thin anisotropic scattering media
(0.17l∗), the spatial frequency spectra showed a faster decay for
spatial frequencies beyond the incident light NA limit [Fig. 1(b)].
In this case, the directionality of the incident light is partially
preserved and the effective optical path length through the thin
anisotropic turbid medium is proportional to Lcos θ , where θ is the
incident angle and L is the thickness of the medium. As such, for
thin anisotropic scattering media, incident light with lower spatial
frequencies undergoes a smaller number of scattering events and
is transmitted through the medium more efficiently resulting in
higher energy throughput.
Equation (1) assumed that speckles generated through multiple
scattering are generated by statistically independent elements of
the random transmission matrix following a circular Gaussian
distribution [43]. Therefore, there is nothing to gain by selecting
a specific distribution of input modes for wavefront shaping. All
modes are statistically equivalent. However, we can see that for thin
anisotropic scattering media, the transmission matrix elements
connecting the low spatial frequency input modes have a greater
influence on the output speckle field. Based on this observation,
we hypothesized that by simply limiting the NA of the incident
wavefront, and therefore selectively correcting for the transmis-
sion matrix elements that have relatively larger amplitudes, we
can increase wavefront shaping efficiency using the same number
of controlled modes. As a plus, we also expect that limiting the
incident NA will not significantly limit the output wavefront reso-
lution as we can still benefit from the spatial frequency bandwidth
expansion due to multiple scattering in biologically relevant thin
anisotropic scattering media.
B. Experimental Setup
For experimental validation, we utilized the geometry most widely
used for bio-imaging, where the wavefront modulator is placed at
a conjugate Fourier plane (Fig. 2). We conducted wavefront shap-
ing experiments with the set of anisotropic scattering phantom
samples mimicking properties of typical biological tissue as previ-
ously described (anisotropy factor 0.93, sample optical thickness
0.17, 0.41, 0.88l∗). An adjustable iris was placed at the back focal
plane of the incident objective lens to control the cutoff spatial
frequency of the incident light. The incident laser (OBIS 561 nm,
Coherent) power was calibrated and adjusted accordingly so that
the same intensity was incident on the sample regardless of the iris
size adjustments. The turbid medium was placed in front of the
incident objective lens and a plane about 2.7 mm from the surface
Fig. 2. Experimental setup schematic. An SLM placed at a conjugate
Fourier plane shapes the incident wavefront. An adjustable iris placed at
the back aperture of the illumination objective controls the incident NA.
The output speckle is imaged by a camera.
of the turbid medium was imaged by the detection objective lens
and tube lens pair onto a CMOS camera (Chameleon3, FLIR).
3. RESULTS AND DISCUSSION
A. Speckle Characteristics per Incident NA
It is well known that in contrast to adaptive optics, the size of
the corrected focus for wavefront shaping is dependent on the
detection NA rather than the controllable incident NA [44–48].
To quantify if this characteristic is valid for thin anisotropic scat-
tering media, we first measured the output speckle intensity for
different incident NAs. As seen in Fig. 3, the average speckle size
varied slightly while the overall speckle distribution varied widely
for different sample l∗. As the optical thickness reached close to a
transport mean free path (0.88l∗), the output speckle overfilled
the field of view (FOV) and displayed a homogeneous distribution
regardless of the incident NA. The average speckle size also corre-
sponded exactly to the diffraction limit as defined by the detection
objective lens agreeing with characteristics of the diffusive sample.
As the optical thickness of the anisotropic scattering media was
decreased, the average speckle size increased to slightly above the
diffraction limit. For the thinnest sample considered (0.17l∗, com-
parable to approximately ∼ 450 µm thick chicken breast tissue
[49]), the average speckle size was about 690 nm at full width at
half-maximum (FWHM), 20% larger than the diffraction-limited
point spread function FWHM (0.51× λNAdet = 572 nm) defined
by the detection NA of 0.5. However, this average speckle size
is still about 2.8 times smaller than the smallest focus that the
illumination NA of 0.15 can generate (0.51× λNAill = 1907 nm)
indicating that the speckle has undergone multiple scattering.
We report three important findings from this experiment. First,
as we decrease the NA of the incident light, we observe that the
average speckle intensity is concentrated toward the center of the
FOV when the sample thickness is smaller than a transport mean
free path (the overall directionality of light is partially preserved).
This finding can have important practical implications. For
instance, in phototherapy or optogenetics, this implies that simply
reducing the illumination NA can deliver light more efficiently
for target areas. Second, the transmittance is increased for lower
incident NA for thin anisotropic scattering media. When applying
the same laser intensity on the sample for different incident NAs,
we find that the transmitted intensity increases for lower inci-
dent NAs. Third, due to multiple scattering, the average speckle
size is smaller than obtainable using only the NA of the incident
wavefront for all cases considered. Based on such observations,
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Fig. 3. Speckle characteristics per illumination NA and anisotropic scattering sample optical thicknesses. (a) For sample thickness≥l∗, the speckles are
evenly distributed overfilling the observable FOV regardless of the illumination NA. For thinner samples, the spread of the speckles is more focused for
smaller incident beam NAs. Images have been normalized individually to clearly show the distribution of all speckles. (b) The average speckle size per each
geometry was obtained by taking the normalized autocorrelation of the speckle intensity distribution. 0.88l∗ sample (dark blue) displayed the same speckle
size as the diffusive sample (cyan) and perfectly matched the diffraction limit defined by the detection NA regardless of the incident NA. For optically thin-
ner anisotropic samples the speckle size increased slightly for smaller illumination NAs. Black dotted lines show the diffraction-limited focus size as defined
by the respective illumination NAs. (c) Transmitted light intensity measured in the central 52× 52 µm2 region [dotted yellow square in (a)] when the same
laser intensity is incident on each sample per incident NA. While the transmittance is nearly constant for the isotropic diffusive sample, thin anisotropic
scattering samples display an increase in transmittance when limiting the incident NA. Scale bar, 50µm.
we reasoned that in contrast to previous approaches in wavefront
shaping, we can actually reduce the NA of the controlled incident
wavefront to increase the enhancement factor for wavefront shap-
ing through thin anisotropic turbid media using the same number
of controlled modes. Ideally, the size of the obtained focus will not
be severely compromised while the final obtained focus intensity
can be significantly increased.
B. Incident NA Confined Wavefront Shaping
To validate such predictions, we performed wavefront shaping
experiments through anisotropic scattering media using different
incident light NAs. We utilized a frequency multiplexed analog
phase modulation wavefront shaping scheme using a liquid crystal
spatial light modulator (SLM, HSP512L, Meadowlark Optics)
[50]. The SLM pixels were grouped into macropixels so that the
incident light passing through the adjustable iris at the back focal
plane of the objective lens was controlled by 316 spatial modes
arranged in a circular shape. The phases of the individual modes
were modulated at different frequencies and measured simultane-
ously to increase the SNR of our measurements. The multiplexed
signals were separated by a temporal Fourier transform of the
recorded intensity sequence and the correction wavefront was
found by extracting the phase of the respective frequency compo-
nents and displaying the phase conjugate of the retrieved phase
on the according macropixels. In addition, the amplitude of the
Fourier frequency components holds information about the rela-
tive contributions of the input modes on the corrected focus. We
performed three iterations for each correction to ensure wavefront
convergence [35]. The iterations gradually increase the SNR of
the measurements and enable accurate wavefront shaping. Briefly,
after a single iteration, an initial corrected focus is constructed.
By keeping half of the SLM macropixels “on” with the obtained
correction wavefront, we can now use the corrected focus (albeit
half the intensity) as the background reference to find the correc-
tion for the other half of macropixels. Since this reference signal
is stronger than the average background speckle intensity prior to
correction, we obtain an increase in SNR as each iteration increases
the reference signal intensity. All experiments were conducted
within the decorrelation times of the samples used.
Figure 4 shows the results for wavefront shaping through
anisotropic turbid media. As previously discussed, the back-
ground speckle intensity also varies per incident light NA for thin
anisotropic turbid media. The peak-to-background ratio (PBR)
was defined as PBR= Ifocus
〈Ibg _c 〉
, where Ifocus is the intensity of the
corrected focus and 〈Ibg _c 〉 is the ensemble average of the back-
ground speckle intensity (averaged over 19.3× 19.3 µm2 area
surrounding the focus) when the corrected wavefront is impinged
on the sample. As expected, for diffusive media, the PBR and
corrected focus size did not depend on the NA of the incident light
[Fig. 4(a)]. In contrast, for anisotropic thin scattering media, the
PBR varied widely for different incident NAs [Figs. 4(b)–4(d)].
For the 0.17l∗ thick anisotropic scattering sample, the PBR was
increased by a factor of 2.5 simply by reducing the incident light
NA from 0.33 to 0.15. This increase in correction efficiency cannot
be explained by the possibility that the thin anisotropic sample
only induced a small degree of aberrations that can have larger
effects per correction mode (as in deploying adaptive optics for
low-order aberrations). In fact, the correction wavefront shows a
totally random phase distribution (Fig. 5) and the recovered focus
is still surrounded by background speckles demonstrating that we
are indeed in the multiple scattering regime rather than correcting
for just low-order aberrations even for the optically thinnest sample
currently considered.
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Fig. 4. Corrected foci as a function of sample optical thickness and NA
of the incident wavefront. The images share the same color bar and have
been contrast adjusted by a gamma correction factor of 0.35 to make the
background speckles visible (see Fig. S2 of Supplement 1 for images in lin-
ear scale). (a) For diffusive media, the PBR is always similar irrespective of
the illumination NA. (b)–(d) For anisotropic media, the PBR varies dras-
tically for different incident NAs especially for thin anisotropic scattering
media. The graphs show the focus intensity cross sections for the different
NAs (normalized for each sample) illustrating the advantage of reducing
the incident NA for efficient wavefront shaping in thin anisotropic scatter-
ing media. Scale bar, 3µm.
Fig. 5. Amplitude and phase of the transmission matrix components
connecting the different incident modes to a single output mode (ampli-
tude maps are average of n = 10 experiments). (a) For diffusive media,
the amplitude of each transmission matrix element is nearly uniform
regardless of the illumination NA. (b), (c) For thin anisotropic scattering
media, transmission matrix elements show higher amplitude bias for
lower spatial frequency input modes. (d) As the thickness is increased, the
amplitude distribution of each transmission matrix component becomes
more similar with the diffusive medium and evenly distributed showing
that more input modes have similar contribution to the corrected focus.
The corrected phase maps shown in the insets for all samples are random
showing that multiple scattering is induced for all samples considered.
To understand the cause of the enhanced correction efficiency
when limiting the NA of the incident light, we compared the
amplitude profiles of the contribution of the individual controlled
modes to the corrected focus. Using the transmission matrix
formalism, we can describe our correction process by using the
incident spatial frequencies as the input basis, and the output field
pixels as the output basis. In our experimental geometry, each SLM
macropixel corresponds to an input basis mode and each camera




Tmn E in,n . (2)
Here, E in,n corresponds to the field generated by SLM
macropixel n (amplitudes are constant and only phase is mod-
ulated), and Tmn is the element of the transmission matrix
connecting the nth input mode to the mth output mode, Eout,m .
Successful focusing through turbid media is achieved by finding
the correct E in,n for all n, or in other words, the phase conjugate
of the elements Tmn . Figure 5 shows the retrieved amplitude and
phase of the measured correction through the iterative wavefront
correction for the different experiments (amplitude maps are the
average of n = 10 experiments; see Fig. S3 of Supplement 1 for
individual results per wavefront shaping). Although hard to see
in individual rounds of wavefront shaping, by averaging multiple
experiments we can see a clear characteristic distribution of the
transmission matrix amplitude profile. As only phase modulation
is employed and the same amplitude is incident on the sample for
all input basis modes (see Fig. S4 of Supplement 1), the average
amplitude distribution for the measured correction wavefront
should not show any bias for diffusive multiple scattering. We can
see that for the diffusive medium, the amplitude distribution is
indeed nearly uniform for all NAs of the incident light [Fig. 5(a)].
However, as the optical thickness is reduced for anisotropic scat-
tering samples, the amplitude distribution is heavily concentrated
toward lower incident spatial frequencies [Figs. 5(b)–5(d)]. In
other words, the amplitudes of the transmission matrix elements
are biased with larger amplitudes for smaller incident angles.
Therefore, the assumption that the elements of the transmission
matrix are randomly chosen from a circular Gaussian distribu-
tion is not valid for thin anisotropic scattering media and causes a
deviation from Eq. (1).
Upon further analysis of the corrected focus and the remaining
background speckle in thin anisotropic scattering media, we found
another important different characteristic from diffuse random
scattering. Due to macroscopic correlations, it has been shown
that focusing through thick diffusive media also increases the
background speckle intensity even when the wavefront correction
is applied to only a single target output mode. However, this is a
subtle phenomenon that is hard to observe in most experiments. In
a typical wavefront shaping experiment, the average background
speckle intensity is therefore usually considered to be constant
regardless of the wavefront correction. However, when focusing
through thin anisotropic scattering media, we observe that the
background speckle intensity is considerably increased along
with the corrected focus as we limit the incident NA (Fig. 6, also
observable in Fig. 4).
Taking the surrounding background speckle intensity
enhancement into account, the PBR cannot fully describe the char-
acteristics of the wavefront correction. The enhancement factor η,
which is nearly identical with the PBR for thick scattering media,
can be used together with the PBR to describe the situation more




where Ifocus is the intensity of the corrected focus and 〈Ibg _b〉 is the
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Fig. 6. Increasing energy throughput by limiting incident NA in
thin anisotropic scattering media. Speckle intensities as a function of
distance from the focus have been radially averaged. The radial averaged
intensities are displayed symmetrically for visual aid. (a) For diffusive
media, the wavefront shaped focus and associated background speckle are
not dependent on the incident NA. (b) For anisotropic scattering media
with 0.88l∗ optical thickness, results are similar with thick diffusive media
but increase in focus intensity as well as background speckle can start to
be seen when limiting the incident NA. (c), (d) For thinner anisotropic
scattering media, the effect is more evident. Importantly, both the back-
ground speckle and focus intensity increase by limiting the incident NA.
Dotted lines show the average speckle intensity per incident NA before
correction.
ensemble average of the background speckle intensity (averaged
over 52× 52 µm2 area surrounding the focus) before correction
when illuminating the sample with the maximum NA of 0.33.
The obtained focus size, ηrel, and PBR are shown in Table 1 for
the different anisotropic scattering media optical thicknesses per
illumination NA. We can clearly see that wavefront shaping with
limited incident NA can increase the energy delivery throughput
(ηrel) considerably while simultaneously increasing the contrast
(PBR). This can find important applications where efficient
delivery of light energy is important. For example, for photother-
apy, increasing the total dose of illumination on the target deep
inside biological tissue is one of the major remaining obstacles. To
overcome this issue, research in developing novel agents that can
utilize near-infrared radiation is gaining high interest due to more
efficient light energy delivery into deep tissue. Our results suggest
that visible light, which has many more existing light-absorbing
targets, can also be used more efficiently for phototherapy simply
by employing wavefront shaping with intentionally reduced NAs.
The target focus size is still nearly as sharp as when a large NA is
used for wavefront shaping, but more importantly, the intensity of
the focus and the surrounding speckles also increases for the same
number of controlled modes so that phototherapeutic agents can
be activated in an efficient manner.
C. Imaging through Anisotropic Scattering Media
To demonstrate the advantage of using limited incident NA for
optimized wavefront shaping in practical applications, we imaged
1 µm fluorescent beads through anisotropic scattering media
made with polystyrene beads in agarose having 0.17l∗ optical
thickness. The fluorescent beads were placed on a translation stage
to realize laser scanning-based imaging with the foci generated
from wavefront shaping with different incident illumination NAs.
The foci were first generated using the direct measurement of the
transmitted speckle on the camera (Fig. 2). The fluorescent beads
were then scanned over this focus. All experimental parameters
except for the incident NA were kept identical. The imaging results
using the wavefront shaped foci were drastically different for the
different incident NAs [Figs. 7(a)–7(c)]. Defining the contrast as
C = Imax − IminImax + Imin , we find the contrast to be enhanced by 2.2-fold
by simply constraining the illumination NA from 0.33 to 0.15.
In addition, the maximum fluorescence intensity is increased by
10.5-fold [Fig. 7(e); also note the different range of color bars in
Figs. 7(a)–7(d)]. Therefore, considering the system is shot noise
limited, the SNR is automatically increased by
√
10.5≈ 3.2 fold.
This clearly demonstrates that by simply using a smaller illumi-
nation NA for imaging through thin anisotropic media, we can
obtain images with higher SNR and contrast. This enhancement
in light delivery throughput may play a crucial role in success-
ful light-induced treatment while using safe total light dosages.
Another important aspect to note is that due to multiple scattering,
the wavefront shaped foci exhibit higher resolution than the illu-
mination NA. Due to this property, even though we restricted the
illumination NA to enhance wavefront shaping efficiency, the res-
olution of the measured images was better than that obtained with
the scattering sample removed and using a higher illumination NA
[Figs. 7(d) and 7(f )].
To validate that our finding is valid for biological samples, we
next imaged 1 µm beads through 710 µm thick fixed mouse brain
tissue slice using the same imaging configuration (see Table S1 and
Figs. S5 and S6 of Supplement 1 for wavefront shaping results for
Table 1. Focus Characteristics per Incident NA and Anisotropic Scattering Sample Optical Thicknesses, n= 10
0.17l∗ 0.41l∗ 0.88l∗
NAill 0.15 0.22 0.33 0.15 0.22 0.33 0.15 0.22 0.33
FWHM(µm) 0.72± 0.04 0.67± 0.05 0.64± 0.03 0.60± 0.03 0.59± 0.02 0.58± 0.03 0.60± 0.02 0.58± 0.02 0.58± 0.03
PBR 145± 17.1 99± 11.3 59± 4.8 157± 17.7 140± 12.3 104± 12.5 180± 14.9 163± 17.9 147± 21.2
ηrel 833± 100.0 274± 35.4 64± 7.4 922± 139.8 434± 33.8 114± 11.5 397± 29.6 216± 16.6 153± 19.6
diffusive
NAill 0.15 0.22 0.33
FWHM(µm) 0.58± 0.03 0.59± 0.03 0.58± 0.03
PBR 90± 12.9 96± 15.5 96± 13.3
ηrel 81± 10.1 90± 11.2 79± 9.8
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Fig. 7. Imaging through thin anisotropic scattering phantom. Laser
scanning microscope images of fluorescent beads through anisotropic
scattering medium after wavefront shaping using (a) 0.15, (b) 0.22,
(c) 0.33 illumination NA. (d) Laser scanning microscope image with
scattering phantom removed and using 0.33 illumination NA. System
aberrations in the illumination beam have been corrected. (e) Line profile
of the yellow dotted line marked in (a) for the different incident NAs
(a)–(c). Dotted lines show the intensity normalized plots. Difference in
contrast and signal level can be clearly seen. (f ) Normalized line profile
of the yellow dotted line marked in (a) for imaging with 0.15 NA inci-
dent through scattering phantom (a) and 0.33 NA with no scattering
phantom (d).
various brain slice thicknesses). All tissue samples were prepared in
accordance with protocols approved by the Institutional Animal
Care and Utilization Committee of UNIST. From the literature,
the transport mean free path for mouse brain tissue slice is expected
to be approximately 200 µm for the wavelengths currently used
[51,52]. Therefore, 710 µm thick brain slice corresponds to about
∼ 3l∗. Surprisingly, we can see that for brain slices, the advantage in
limiting the incident NA for efficient wavefront shaping is retained
for much thicker thicknesses than the phantoms we generated. We
believe that this result may be due to higher degree of anisotropic
scattering which has also been previously observed to extend the
range of the optical memory effect for biological samples [52].
Simply constraining the illumination NA indeed increased the
total light throughput as well as the focus PBR contrast for bio-
logical samples (Fig. 8). By reducing the illumination NA from
0.33 to 0.15, the maximum fluorescence intensity was enhanced
by 8.9-fold while the contrast increased by 2.1-fold. The results
are in good agreement with experiments conducted with the poly-
styrene bead phantoms. Considering that current state-of-the-art
multiphoton imaging systems can reach over 500 µm depths in
mouse brain tissue [53], our results indicate that wavefront shap-
ing optimization by limiting the incident NA may be combined
with such technologies to overcome current limits of deep tissue
imaging. In addition, while we are exploiting the anisotropic scat-
tering characteristics of biological tissue to optimize wavefront
shaping efficiency, we still benefit from the favorable characteris-
tics of multiple scattering. The wavefront shaped foci using 0.15
illumination NA shows similar or slightly better resolution than
when using 0.33 NA with the brain tissue removed demonstrating
resolution enhancement by over twofold by focusing through the
brain tissue slice [Fig. 8(f )].
Having verified the effectiveness of our method in real bio-
logical tissues, we next performed wavefront shaped imaging
experiments targeting intrinsic biological structures. Here we used
a 180 µm thick mouse brain slice prepared from a Thy1-YFP-H
transgenic mouse that was treated with secondary antibodies
Fig. 8. Imaging through brain tissue. Laser scanning microscope image
of 1 µm fluorescent beads through 710 µm thickness of brain slice by
wavefront shaping with (a) 0.15, (b) 0.22, (c) 0.33 illumination NA, and
(d) laser scanning microscope image with brain tissue removed. (e) Line
plot of yellow dotted line marked in (a) for the different incident NAs
(a)–(c). Dotted lines show the intensity normalized plots. (f ) Normalized
line of profile the yellow dotted line for (a) and (d).
labeled with Alexa Fluor 555 to enable fluorescence excitation
from neurons compatible with our available laser source. To realize
fluorescence imaging at this wavelength, we used a 532 nm con-
tinuous wave laser (SDL-532-100T, Shanghai Dream Lasers) and
an emission filter (AT575lp, Chroma). All other experimental con-
figurations were identical as previously described [a different SLM
(Hamamatsu X10468-01) was used that, however, did not change
experimental geometry]. We first performed wavefront shaping
through the brain slice by using a camera in transmission geometry
that was observing the laser speckle pattern on the opposite surface
of the slice. We found that the size of the wavefront shaped foci
varied for different brain areas depending on the relative turbidity.
Here we chose an area where the FWHM of the wavefront shaped
foci were obtained to be 900 nm and 1180 nm for incident NAs of
0.3 and 0.15, respectively, to obtain a comparatively large imaging
field of view limited by the optical memory effect. The PBR values
were 44 and 130, and ηrel were 39 and 555 for incident NAs of
0.3 and 0.15, respectively. The wavefront shaped foci were then
scanned over a 14× 14 µm2 area by applying appropriate linear
phase ramps on the SLM, and emitted fluorescence intensity from
the area according to the point spread function measured by the
Fig. 9. Imaging intrinsic neuronal structures in a brain slice. (a) System
aberration correction results in a noisy image where the brain structure is
completely hidden below the baseline noise level. By performing wave-
front shaping to correct for the sample induced disturbances, the brain
structure can start to be seen using incident NAs of (b) 0.3 and (c) 0.15.
The respective correction wavefronts are shown below. The corresponding
amplitude maps are shown in the insets. Scale bar 3µm.
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camera in transmission geometry was used to reconstruct the
images shown in Fig. 9. As seen in Fig. 9(a), correcting only for
system aberrations results in an image dominated by noise with the
fluorescence signal hidden below the noise floor. After wavefront
shaping, the neuronal structures start to be visualized [Fig. 9(b)].
However, the image is still noisy due to the small signal level.
To obtain higher-quality images, previous approaches required
the control of additional modes to enhance the focus quality. In
comparison, by simply limiting the incident NA, we can see that
the image quality is significantly enhanced with the signal level
increased by about an order of magnitude with the same number of
controlled modes using our method [Fig. 9(c)].
D. Efficient Wavefront Shaping in Epi-Fluorescence
Geometry
To further demonstrate that our method is applicable in general
bio-imaging applications, we performed additional experiments in
epi-fluorescence geometry. By using the same objective lens at the
incident side of the scattering media for both wavefront shaping
light modulation as well as fluorescence feedback signal detection,
our method could be tested for general applicability with various
epi-geometry-based biomedical optical techniques. For the follow-
ing epi-fluorescence wavefront shaping experiments, an iris was
placed in front of the SLM to control the incident beam size trans-
mitted through the objective lens (see Fig. S7 of Supplement 1 for
the experimental setup). As the iris was now placed at a conjugate
Fourier plane instead of directly at the objective lens backpupil,
the epi-fluorescence signal could be detected utilizing the full NA
of the objective lens using a dichroic mirror while independently
controlling the incident NA. An additional imaging system was
configured past the scattering media in transmission geometry to
verify the quality of the resulting wavefront shaped foci (which was
not used during the wavefront shaping procedure).
Before performing wavefront shaping, we first checked if the
incident NA was controlled accurately by removing the scattering
medium and imaging the focus directly in transmission geom-
etry. We found that the dichroic mirror (Semrock, FF573-Di01)
caused severe aberrations [Figs. 10(a) and 10(b)] which, how-
ever, was easily corrected for via wavefront shaping (see Fig. S8 of
Supplement 1 for wavefront shaping correction maps). For the
incident NAs of 0.4 and 0.2, the corrected foci FWHM were mea-
sured to be 755 and 1474 nm in close agreement with theoretical
diffraction-limited values.
Using a 1 µm fluorescent bead as the feedback beacon, we
next performed wavefront shaping in epi-fluorescence geometry
through the thin anisotropic scattering media made with poly-
styrene beads in agarose with 0.17l∗ optical thickness. The total
fluorescence intensity transmitted back through the scattering
medium was integrated using CMOS1 placed in epi-geometry
(Fig. S7 of Supplement 1). Using the total fluorescence inten-
sity as feedback [54,55], we successfully obtained sharp foci for
the different incident NAs [Figs. 10(c) and 10(d)]. Due to the
energy delivery enhancement and optimized focus quality, the
total fluorescence emission increases as well, which can be checked
with CMOS1 [Figs. 10(e) and 10(f )]. We can clearly see that the
increase in contrast and energy throughput by simply limiting
the incident NA is also maintained in epi-fluorescence geometry
(see also Table S2 of Supplement 1). Interestingly, the wavefront
shaped foci FWHM using incident NAs of 0.4 and 0.2 were
measured to be 620 nm and 680 nm, respectively, smaller than
Fig. 10. Efficient wavefront shaping in epi-fluorescence geometry.
Obtained focus without the scattering medium directly observed in trans-
mission geometry using (a) 0.4 and (b) 0.2 incident NAs. Foci before and
after system aberration correction (wavefront shaping, WS) are shown.
(c), (d) Light transmitted through scattering medium before and after full
WS for the respective incident NAs. While the focus sizes are both smaller
than the perfect focusing without the scattering medium, the energy
delivery throughput and contrast of the foci are drastically different. (e),
(f ) The fluorescence intensity as measured in epi-fluorescence geometry
before and after wavefront shaping for the respective incident NAs. Scale
bars, (a)–(d) 3µm, (e), (f ) 100µm.
the diffraction limit defined by the detection NA of 0.4 used for
the feedback signal measurements (0.51× λNA= 0.4 = 715 nm).
Furthermore, this is also smaller than the 1 µm fluorescent bead
used for feedback. Since the fluorescent beads have a homogeneous
distribution of fluorophores packed inside their spherical volume
and the Rayleigh range in our experiments is much longer than the
size of the beads, we can think of the effective fluorescent beacon
as a projection of the spherical fluorescence distribution onto
a central plane. The wavefront shaping process then optimizes
the light distribution that maximizes the light emitted from this
fluorescence beacon. Theoretically, since the highest fluorescence
density is concentrated at the center of the projected beacon, wave-
front shaping will favor the sharpest focus that can be generated. In
actual experiments, the limitation on the focus sharpness is decided
by the diffuse area spreading of the speckles beyond the scattering
medium and the distance to the target focus plane, and not depen-
dent on the detection or illumination NAs. This is an interesting
finding that suggests new directions in development of novel guide
stars for wavefront shaping. Since the total excited fluorescence
intensity is used for feedback, our observation demonstrates that
not only the size but also the specific shape of the fluorescent bea-
con can be optimized and used as an additional design parameter to
generate wavefront shaped foci with different properties tuned for
various applications.
4. CONCLUSION
Recent advances in optical technologies have enabled visualization
of life with unprecedented resolution and contrast revolutionizing
biological studies at the research level. Unfortunately, the appli-
cation of optical technologies at the clinical level is still severely
limited mainly due to the multiple scattering problem [56,57].
Novel optical clearing methods have shown tremendous strength
in this respect by directly removing the source of multiple scatter-
ing [58,59]. However, all optical clearing methods developed to
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date require fixation of the sample and therefore are not compatible
with live imaging or clinical applications.
Since the seminal work in 2007 by Vellekoop and Mosk [2],
wavefront shaping has shown promise to be a truly noninvasive
method enabling precise control of light at depths inside living tis-
sue. However, one of the biggest remaining barriers for wavefront
shaping has been the long measurement time required for accu-
rate phase conjugation of the distorted wavefront. In this regard,
previous works have focused on the development of novel tech-
niques and hardware developments to speed up the process of the
independent measurements required per controlled mode. Here,
in a different perspective, we have demonstrated that for highly
forward directional scattering media, such as biological tissue, the
directionality of the incident light is partially preserved and can be
taken to our advantage for efficient wavefront shaping. We demon-
strated that by simply reducing the NA of the incident wavefront,
we can enjoy a simultaneous increase in energy throughput and
wavefront shaping efficiency with minimal loss in the resolution
of the controlled output light. We showed the method to be effec-
tive in optimizing wavefront shaping through thick brain tissue,
one of the most highly scattering biological structures. Since the
method does not rely on any additional measurements or spe-
cialized hardware compared to conventional wavefront shaping
schemes, the applicability of the method is generally broad and can
be also combined with the recent developments in fast wavefront
measurement techniques to obtain a synergistic boost in the wave-
front shaping efficiency. We also demonstrated the method to be
directly applicable in epi-fluorescence geometry, which can find a
broad range of applications utilizing various previously developed
optical tagging methods based on nonlinear, confocal, coherence,
acousto-optic, or photoacoustic gating. We envisage that this new
approach can open new avenues in a variety of biomedical appli-
cations where energy delivery enhancement or high-resolution
imaging/photostimulation is required in a limited decorrelation
time window or in light-starved environments.
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